ABSTRACT Treatment of rabbits, rats, and mice with Dgalactosamine increased their sensitivity to the lethal effects of lipopolysaccharide several thousand fold. The susceptibility of the animals was highest when the lipopolysacharide was injected together with galactosamine and decreased successively when injection was carried out 1, 2, and 3 hr later. Sensitization was absent when the lipopolysaccharide was administered 1 hr before or 4 hr after galactosamine. The onset of lethality after treatment with galactosamine and lipopolysaccharide occurred faster than with lipopolysaccharide alone; usually all animals died 5-9 hr later. The galactosamine-induced sensitization to lipopolysaccharide could be reversed by uridine which is known to inhibit the early biochemical alterations induced by the amino sugar in the hepatocytes. Although galactosamine is known to exhibit hepatotoxic activity inducing ultimate necrosis of the hepatocytes, the data so far suggests that the sensitization to lipopolysaccharide is related only to the early metabolic effects ofthe hexosamine.
ABSTRACT Treatment of rabbits, rats, and mice with Dgalactosamine increased their sensitivity to the lethal effects of lipopolysaccharide several thousand fold. The susceptibility of the animals was highest when the lipopolysacharide was injected together with galactosamine and decreased successively when injection was carried out 1, 2, and 3 hr later. Sensitization was absent when the lipopolysaccharide was administered 1 hr before or 4 hr after galactosamine. The onset of lethality after treatment with galactosamine and lipopolysaccharide occurred faster than with lipopolysaccharide alone; usually all animals died 5-9 hr later. The galactosamine-induced sensitization to lipopolysaccharide could be reversed by uridine which is known to inhibit the early biochemical alterations induced by the amino sugar in the hepatocytes. Although galactosamine is known to exhibit hepatotoxic activity inducing ultimate necrosis of the hepatocytes, the data so far suggests that the sensitization to lipopolysaccharide is related only to the early metabolic effects ofthe hexosamine. Bacterial lipopolysaccharides (endotoxins) play an important role in the pathogenicity of gram-negative infections. In experimental animals purified lipopolysaccharides induce a large number of pathophysiological activities that may lead to shock and death (1, 2) . The biological activities of lipopolysaccharides are expressed by lipid A, a ubiquitous component of lipopolysaccharides that is structurally similar and serologically crossreacting among Enterobacteriaceae (3) .
Different animal species show, for as yet unknown reasons, large variations in their susceptibility to the lethal effects of lipopolysaccharide. Mice and rats are relatively resistant but within a given strain and age they usually exhibit a relatively high homogeneity in their responses to the lethal effects of a given lipopolysaccharide preparation. This is true for inbred and outbred strains. Rabbits generally show a higher susceptibility to lipopolysaccharide. Their response is characterized by a high degree of variation. Although these animals are on the average susceptible to 50-100,ug of endotoxin (4), individuals frequently are encountered in which submicrogram amounts may be lethal and others may survive several milligrams of lipopolysaccharide. The mechanisms underlying the high susceptibility of some animals to endotoxin are unknown.
There exist several experimental models by which animals may be rendered more sensitive to lipopolysaccharide; adrenalectomy (5) and treatment with bacillus Calmette-Guerin (6), actinomycin D (7), and lead acetate (8) are examples.
These models have been useful because they disclosed that the reactivity of animals to endotoxin may be altered by vastly different external factors. However, due to their multiple effects on the whole organism the above models did not enable an understanding of the actual mechanisms by which endotoxin exerts its toxic activity.
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In the present study a model of sensitization to the lethal toxicity of lipopolysaccharide is presented based on treating animals with D-galactosamine (2-amino-2-deoxy-D-galactose). It is known (9) that the injection of D-galactosamine (300 mg/kg) in experimental animals leads to liver injury related to human viral hepatitis.
The mechanisms underlying the hepatotoxic action of galactosamine have been extensively elucidated (for review see ref. 10 ). Within 30 min of galactosamine administration in experimental animals (rats), there occurs a high accumulation of UDP-galactosamine derivatives in the liver, leading to a depletion of hepatic UTP. As a result biosynthesis of macromolecules (RNA, proteins, glycoproteins, glycogen, etc.) ceases. These alterations lead to eventual cell damage and cell death, which at later stages of the reaction may be identified by the increase of liver enzymes in the blood and by histology. The development of liver injury may be inhibited through inhibition of the early metabolic alterations by uridine (1 g/kg) if administered within 3 hr after galactosamine (10).
The galactosamine-induced liver injury is intimately connected with alterations in the structure and function of the plasma membrane due to impaired membrane glycoprotein synthesis (11, 12) . Also, a role for complement has been recently suggested when it was shown that, in the galactosamine-injured rat, activated complement is fixed to the liver plasma membrane (13) .
Galactosamine is a specific hepatotoxic agent, its effects being confined to the liver. Other organs or tissues are not affected (10) .
The present study will show that treatment of rabbits, rats, and mice with galactosamine leads to a several thousandfold increase in their susceptibility to the lethal effects of endotoxin. The potentiating effect on endotoxin susceptibility is shown to be related to the early metabolic effects of galactosamine. Because early biochemical alterations leading to liver injury by galactosamine have been well defined, the present model would seem particularly promising for exploring the mechanisms of action of endotoxin.
MATERIALS AND METHODS
Animals. Rabbits (chinchillas, 1.0-1.5 kg) of both sexes, male Lewis rats at 12 weeks of age, and male mice (strains C57BL/6, C57BL/10, DBA/2, and C3H/TifF) at 10 weeks of age were obtained from the breeding stock of our institute. Female mice (10-weeks-old) of the strain NMRI/Han were purchased from the Central Institut fur Versuchstiere, Hannover, W. Germany. All animals were kept under specific pathogen-free conditions up to the time of the experiment.
Materials. The lipopolysaccharide of Salmonella abortus equi was extracted from the parent bacteria by the phenol/ Abbreviation: Pi/NaCl, phosphate-buffered saline.
water method (14) . It was purified from proteins and other contaminants by extraction with phenol/chloroform/petroleum ether and converted to the uniform sodium form by electrodialysis as described (15) . Lipid A in the triethylamine form was prepared from the lipopolysaccharide of Salmonella minnesota R345 (Rb) mutant as described (16) .
Free polysaccharide was obtained by acid hydrolysis of S. abortus equi lipopolysaccharide. Chemical analysis revealed the complete absence of fatty acids, indicating that the polysaccharide preparation was free of lipid A. Sugar analysis showed the presence of all sugar constituents of the 0 polysaccharide in the same molar ratio as present in the original lipopolysaccharide (15) .
D-Galactosamine-HCl was purchased from C. Roth OHG, W. Germany, and uridine was from Merck.
In mice and rats, unless otherwise stated, all preparations were administered intraperitoneally in 0.5 ml of pyrogen-free phosphate-buffered saline (Pi/NaCl). In rabbits the various preparations were administered intravenously in 1 ml of pyrogen-free Pi/NaCl.
Enzyme Determinations in Sera. Sorbitol dehydrogenase activity in plasma was measured kinetically (17) . In all cases heparinized plasma stored at -80°C up to the time of testing was used. RESULTS Effect of Galactosamine on the Susceptibility of Rabbits to Endotoxin. In preliminary experiments it was found that a dose of 300 mg of galactosamine per kg sufficed to sensitize animals to endotoxin. Unless otherwise stated, the galactosamine values given represent amount per kg of body weight, and the lipopolysaccharide is given as total amount per animal.
Groups of 12 rabbits received an intravenous injection of galactosamine (300 mg/kg) and different amounts (0.01-1 pug per animal) of S. abortus equi lipopolysaccharide. The galactosamine and lipopolysaccharide were administered as a mixture in 1 ml of pyrogen-free Pi/NaCl. As controls, groups of animals received galactosamine (300 or 600 mg/kg) or lipopolysaccharide (10, 50, and 100 ,g) alone. Deaths were recorded up to 72 hr after injection.
In the absence of galactosamine 50% lethality was obtained with about 100 pg of lipopolysaccharide (Table 1) , which represents the usual toxicity of this preparation for rabbits. In the control groups receiving galactosamine no deaths were recorded. In the animals treated with galactosamine 100% and 50% lethality were obtained with 0.1 pg and 0.01 pg of lipopolysaccharide, respectively (Table 1) . Therefore, treatment with galactosamine increased the sensitivity of rabbits to the lethal effects of lipopolysaccharide by a factor of about 10,000.
In addition to rendering the animals sensitive to very low amounts of lipopolysaccharide, galactosamine treatment also accelerated the onset of lethality, the large majority of the animals having died between 5 and 9 hr after injection. With lipopolysaccharide alone deaths occurred up to 48 hr after injection.
Lethal Toxicity of Lipopolysaccharide in Galactosamine-Treated Mice. Mice strains C57BL/6 and NMRI were used. In all cases galactosamine and lipopolysaccharide were injected as a mixture intraperitoneally in groups of 10 animals. In the C57BL/6 mice 8 mg of galactosamine per animal (300 mg/kg) was used. In NMRI mice preliminary tests had shown that for sensitization higher amounts of galactosamine were necessary. For this reason, instead of the usual dose (300 mg/kg), 15 mg/animal (560 mg/kg) was employed. Galactosamine and lipopolysaccharide were administered intravenously either alone (controls) or as a mixture in 1 ml of pyrogen-free Pi/NaCl.
Treatment of C57BL/6 mice with galactosamine (Table 2) increased their sensitivity, showing 100% lethality with 0.01 jig of lipopolysaccharide and 80% lethality with 0.001 pug. In the controls without galactosamine 50% lethality was obtained with about 100 pg of lipopolysaccharide. In the animals receiving only galactosamine no deaths were recorded. Treatment with galactosamine, therefore, increased the sensitivity of the animals to endotoxin by a factor greater than 100,000.
In NMRI mice treated with 15 mg of galactosamine t100% lethality was obtained with 0.01 pg of lipopolysaccharide (Table   3 ). In the controls without galactosamine, the mean lethal dose of the lipopolysaccharide was about 150 ,g, whereas galactosamine alone was without lethal effect. Therefore, treatment with galactosamine increased the sensitivity of NMRI mice by a factor greater than 30,000. Similar results were also obtained with C57BL/10, DBA/2, and C3H/TifF mice. Also in these animals after treatment with 15 mg of galactosamine, the lipopolysaccharide was lethal at '0.01 pug.
As with rabbits, with mice the majority of deaths occurred between 5 and 9 hr after injection. In normal mice receiving lethal amounts of lipopolysaccharide all deaths occurred hr later.
Increased susceptibility to endotoxin after treatment with galactosamine was also seen in rats. In the strain used (Lewis) 1-2 mg of endotoxin was lethal (controls). Treatment with Galactosamine and lipopolysaccharide were injected intraperitoneally as a mixture in 0.5 ml of pyrogen-free Pi/NaCl. The controls received 15 mg of galactosamine or lipopolysaccharide alone in 0.5 ml of P;/NaCl. galactosamine (300 mg/kg) increased their sensitivity, leading to 100% and 50% lethality with 10 jg and 1 Mg of lipopolysaccharide, respectively, which represents a sensitization of about 1000-fold. Most animals died between 6 and 9 hr after galactosamine/lipopolysaccharide injection in contrast to the control lipopolysaccharide group in which deaths occurred up to 60 hr.
Duration of Hypersensitivity to Lipopolysaccharide after Galactosamine Treatment. The effect of time interval between galactosamine and endotoxin administration on the sensitization to endotoxin was studied in C57BL/6 mice. Because complete resorption of the lipopolysaccharide from the peritoneum requires several hours (unpublished results), both intraperitoneal and intravenous routes of lipopolysaccharide administration were tested. Fig. 1 shows that when the lipopolysaccharide was administered 2 or 1 hr before galactosamine, no deaths occurred. The susceptibility of the animals was highest (100% lethality) when lipopolysaccharide and galactosamine were administered together and decreased with increasing intervals between galactosamine and lipopolysaccharide administration. Partial susceptibility to intravenously administered lipopolysaccharide was present up to 4 hr (20% lethality) and to lipopolysaccharide administered intraperitoneally, up to 2 hr (30% lethality).
The short duration of the state of galactosamine-induced hypersensitivity was also true for rabbits, because injection of lipopolysaccharide ( Galactosamine was injected intraperitoneally in PJ/NaCl (0.5 ml); lipid A was injected intravenously in distilled water (0.2 ml). intraperitoneally in 0.5 ml of Pi/NaCl. Immediately afterwards different amounts (0.1-0.001 Ag) of lipid A were injected intravenously in 0.1 ml of pyrogen-free distilled water. (Distilled water was necessary because free lipid A is insoluble in Pi/ NaCI.) Table 4 shows that treatment of the animals with galactosamine rendered them susceptible to the lethal effects of lipid A, with 0.001 ,g of lipid A causing 100% lethality. In the control group receiving galactosamine intraperitoneally and distilled water intravenously no lethality occurred. The mean lethal dose of free lipid A in C57BL/6 mice is z1.2 mg.
Thus, treatment with galactosamine sensitized mice to lipid A to an extent comparable to the sensitization obtained to complete lipopolysaccharide. In a similar experiment the polysaccharide preparation at a 1000-fold higher amount (10 ,ug) showed no lethal activity in galactosamine-treated mice.
It is therefore concluded that lipid A is the part of the lipopolysaccharide molecule to which animals are sensitized by galactosamine.
Inhibition of Galactosamine-Induced Sensitization to Lipopolysaccharide by Uridine. The early metabolic alterations and consequent liver cellular damage induced by galactosamine is inhibited by uridine (1 g/kg) injected within 3 hr after galactosamine (10) . In the present experiment the effect of uridine on galactosamine sensitization to endotoxin was studied in C57BL/6 mice.
The results in Table 5 show that the 100% lethality obtained with galactosamine and lipopolysaccharide was completely inhibited in the groups receiving uridine when administered together or up to 2 hr later. Near complete inhibition (90%) was Table 5 695(±680) 641(±411) 28(±15) 47(±55) Rabbits, rats, and C57BL/6 mice received 300 mg of galactosamine per kg; NMRI mice received 560 mg/kg. In all cases heparinized plasma was used. The values represent the average (±SD) of the results obtained in at least six animals. ND, not determined. also obtained when the uridine was injected 1 hr before and partial protection was obtained when uridine was injected 2 and 3 hr before or 3 hr after galactosamine/lipopolysaccharide.
Activity of Galactosamine on the Liver. The hepatotoxic activity of galactosamine in the different animals used in the present study was identified by the increase of sorbitol dehydrogenase in the plasma. Table 6 shows the activity of the above enzyme before and at various times after galactosamine treatment. The values are expressed as units per liter of plasma and represent the average (+SD) of at least six animals.
In rabbits, sorbitol dehydrogenase activity before treatment was on the average 11 + 4 units/liter. This value remained unchanged 6 hr after galactosamine treatment and increased to 695 ± 680 units/liter after 24 hr. In rats, average activity before treatment was 3 + 1 units/liter, and increased to 39 + 15 and 641 ± 411 units/liter at 6 and 24 hr after galactosamine, respectively. In contrast, in mice only a small increase in enzyme was found. In the C57BL/6 strain, sorbitol dehydrogenase values before and after (24 hr) galactosamine treatment were 10 + 3 and 28 I 15 units/liter, respectively. In the NMRI animals values before and after treatment were 8 + 3 and 47 ± 55 units/liter, respectively. In addition, many of the animals showed no increase, as may be recognized from the standard deviation values. DISCUSSION D-galactosamine administered in rabbits and rats (300 mg/kg) led to a large increase in sorbitol dehydrogenase activity in plasma in rabbits (detectable after 24 hr) and in rats (detectable after 6 hr). The increase indicates liver cell damage caused through the known hepatotoxic activity of the hexosamine. In mice treated with galactosamine only small changes in the above enzyme were seen. Galactosamine at up to 1 g/kg was not lethal, and the treated animals did not exhibit at any time apparent signs of illness.
Administration of galactosamine in the above animals increased their susceptibility to the lethal effects of lipopolysaccharide several thousandfold. The duration of the state of hypersensitivity to lipopolysaccharide was short, being maximum when the lipopolysaccharide was injected with or immediately after galactosamine. Partial sensitization occurred when the lipopolysaccharide was administered intravenously 4 hr or intraperitoneally 2 hr after galactosamine. Injection of lipopolysaccharide 1 hr before or 4 hr after galactosamine by either route of injection had no lethal effect. The shorter duration of hypersensitivity to intraperitoneally injected lipopolysaccharide was probably due to the slow resorption from the peritoneum (unpublished results), which delayed the systemic appearance of effective amounts of lipopolysaccharide to a time when the state of hypersensitivity was no longer present.
Chronologic analysis of the events leading to galactosamine hepatitis according to known literature (10) and of the present findings regarding the effect of galactosamine on endotoxin susceptibility allow us to draw some conclusions about the possible nature of the mechanisms involved in the above sensitization. After galactosamine administration, the alterations in the liver up to about the third hour are mainly metabolic (see Introduction); development of cellular damage and necrosis commence thereafter. Uridine administration up to the third hour reverses the initial metabolic alterations and inhibits the development of liver damage.
In the present study, sensitization to lipopolysaccharide was maximal when the lipopolysaccharide was injected in the first hour after galactosamine and was no longer present beyond 4 hr. Sensitization was thus confined to the first hours-i.e., at a time when only biochemical alterations were in process-and was absent later when cell injury and cell death had developed. Further inhibition of the metabolic effects of galactosamine by uridine also protected the animals from endotoxin. These findings suggest that the mechanisms leading to sensitization to lipopolysaccharide by galactosamine are associated with the early biochemical alterations and not with the later necrosis of the liver.
Enhancement by galactosamine of lipopolysaccharide toxicity was demonstrated here in three different animal species and may therefore be true for a large variety of different animals (preliminary experiments show that in guinea pigs treatment with galactosamine increases their sensitivity to endotoxin). The animals used, though largely different in their normal susceptibility (rats and mice being relatively resistant and rabbits being more sensitive to lipopolysaccharide), showed, after galactosamine treatment, a similar pattern in their response to lipopolysaccharide. The short duration of sensitivity in rabbits and mice (rats were not tested), the occurrence of lethality 5-9 hr after galactosamine/lipopolysaccharide injection, and the sudden death and absence of symptoms until shortly before death were characteristic for all animals and point therefore to similar underlying mechanisms.
Although according to up-to-date knowledge the ultimate effect of galactosamine is necrosis of hepatocytes, the involvement of other target cells cannot be excluded (13, 18) . However, in any case, for sensitization to endotoxin the early metabolic effects of galactosamine would alone be sufficient. This may be of clinical importance because it shows that temporary metabolic changes without apparent clinical symptoms may render the organism susceptible to very small amounts of endotoxin.
Preliminary studies with normal rabbits show that in the small percentage of animals in which minute amounts (0.1-1 Aug) of endotoxin are lethal, the kinetics of sorbitol dehydrogenase release after lipopolysaccharide treatment are similar to those seen in animals made sensitive with galactosamine. It is therefore feasible that in natural sensitization biochemical alterations in the liver similar to those induced by galactosamine may be involved. It thus appears that the liver, apart from being the main organ of clearance of endotoxin, plays an important role in the initiation of endotoxin activities.
The present model seems useful for the study of endotoxin mechanisms. On account of the extensive knowledge of the biochemical lesion induced by galactosamine in heptocytes, one is dealing with a relatively defined area of cell biology and physiology in which the initiation mechanisms leading to endotoxin susceptibility are to be found.
